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A ONE-DIMENSIONAL M3DEL OF THE DYNAMIC LAYER BEHAVIOR
IN A SALT GRADIENT SOLAR pOND*

Kenneth A, %yer
Los Alamos Natlor:alLaboratory

P.0, BOX 1663, PK/571
LCISAlamos, NM 87545

ABSTRACT

A numerical model has been developed to
describe the time-dependent behavior of the
interfaces t,etweenthe convect~ng and nnn-
convectin regions of a salt gradient solar
pond. YSb inltv and temperature prnftles,
as functlors of time, are also determined
bv the nmdel. The model utillzes empirical
correlations from the oceanographic litera-
ture that describe the heat and salt flukes
across the Interfaces. We find agreement
of the calculated behavior with observa-
tions made on laboratory-scalesolar pond
simulation experiments,

1, INTRODUCTION

Salt gradient solar ponds ar? large-nrea,
low-cost devices for the collection and
storage nf solar ener v, T,vpicall.v,a pond

tConsl’ts of t!lrecflu d regions: an upper
Conh’?ptingregion of uniform, relatively
low sal’lnityand temper~ture; a sta nant

finsulating gradient ~egion where se initv
and temperature tncrease with depth; and a
lower convpctilg thermal storage regfon of
unlforml,vhigh saltnitv and temperature.
Sun!i@t penetrating the pond warms the
bottom region of water, Heat loss +s mlnt-
mlzed because of the insulation provided by
th? nonconvecttng region,

The effectiveness of a oola~ pond fs rleter-
mined, to a large extent, by the thickness
of the various regions, The upper convec-
ting reqlon absorbs rarltationhut provirhs
no insulation; therefora, It is desirable
to minimize its thickness. The gradient
reginn provides the pond’s insulation, and
its r?ductfon below optimun design thick.
ness wi 11 result in tncreased htat loss,
The thickness of the lower convecting
region determines the amount of thermal
storage available.

In operating ponds, unplanntd growth of the
upper convective raglon has been observed,

as well as upward migration of the lower
bnurwlarvof the gradient region. These
motfons occur even though the rarlient.

ireqion :tself Is h,vrlrod,vn~mlcaIv stable.
The purpose of the numerical model de-
scribed In this paper Is to pr~dlct the
motion of these r?qions so as to facilitate
pond design and operation.

2. ~ACKGROUNO

A review nf thp literature indicates that
the oceano raphic consnunit.vhas done exten-

7sive wnrk n the area of thermohaline sv<-
tems that ts applicable to salt grarlfent
ponds.

As Comparwl to the three-reqion solar pnnd,
the system extensivel,vstudied bv the
oceanographers consfsts of two convecting
regions separated tv a diffusive inter-
face, The lower region is hott?r, salt.lcr,
and more dense than the upper. The inter-
face varies fn thickness from a fewmflli-
meters to approxlmatelv 5 cm, The thicker
interfaces exhibit a n(nconvecting diffu-
sive core, separated from the convecting
regions by lav~rs of intermittent turbulent
fluctuations, Researchprt have obtainpd
empirical relations for the salt and heat
fluxes acre*? a d!ffuslve int?rface as a
functf:n of the temperature and s~linitv
steps #cross the Interface.

Horkers at Purdue UnivFrsitv (Ref. 1)
att?wted to simulate solar oonrlsIF
Iaboratorv tanks. They estahltshd qunsl-
static svstenvsin which the convectfnq

!
re lrms were s~pa~eted hv 25 to 65 cm nf
di fusive core, ShadowqPaDhs tnrlicatz
bounrlar,ylnyer formatinfibetween the
diffusive core and the convecting reglnns.

Ue suspect that very similar bomlarv laver
behavior exists fn ponds, The Immlarv
la.versabove and belnw a gradient Pegion

~h 1s wrk was supported in part by the US Department of Energv, Offices nf Solar
Anplfcations for Buildings and Solar Applications ?~r Industry.



may be two haiw of the interface layer
that occurs at the tweratura and sa:~;ity
step of Interest to oceanographers, -
thermora, we sp~culate that the flux rela-
tlonobtalned across tha relatively thin
diffusive Interface of the aeanographlc
studies also applies across the boundary
layers separating the convecting regions
frunthe gradlcnt re ion In solar ponrls.

YHe find that the app Icabillty of this flux
relatlm to ~Gt6i” ponds Is partially sup-
ported by data taken In the Ohln State
University salt gradient pond.

Most of t-heoceanographic la,verexperiments
and th solar pond simulations have been
considered as quasi-static; that is, the
interface positions tend to nmve slowl.v
w!th time. We 8re t?stlng the hypothesis
that boundary leyermotlon nccurs when the
salt and heat fluxes cause a violation of
either static stability (density increasing
downward) across the layer or dynamic sta-
bilit.v(an infinitesimal oscillatory lnsta-
blllty) In the gradient adjacent to the
boundary layer.

liehave developed s one-dimensional mnrlel
of the solarpond using the diffusion equa-
tion to describe the salt and bent trans-
port. MolPcular dlffuslvlties are usd In
the nonconvectlng region, ●ddy dlffusivi-
ties In the convecting re ion, and the

!afora?ent!oned flux relat on is used to
connect regions, Amlcroscopic .lescription
of the boundary layer Is not attempted.
Transition frrmlncmconv~ctlng to convecting
status Is haserlon the st8tlc end d,v,lamic
stability relations. Our calculations show
gnod agrement with data frhm pcmdslmuln-
tion exD~riments at Purdue.

3, NLKRICMMODELING

Th? pond configuration assumarlIn the one-
dimensional numerical model is a thrde-
region syatam with boundary layers
separatingthe convectln ra ionsfrom th~
nonconvect!ng reg{ons. ~he gtme-dependent
diffusion quatiom ts usad todetermlne
both the heat and selt fluxes. The Win=
peraturedlstrlbutlontn the pond Is
obteirndfrom

a (k aT)+q(x,t)-L(x,t) , (1)“p%% Tfi

In the nonconkwttng ,-eqiw,the molecular
conductivityIs used for kT; in the con-
voctlnqrqluna, an @ddv conductlv!tvis
uted. The upperboundaryconditionsallow
for convection, conductl~, ewporatton,
and rafit~t~onat the wrfeco. The low
houndwy of the flutd Is coupled to t!~
ground,or an lnsulatwtboundarycan F“
alsumadg

The salinity profile Is determined frcnn

(2)

The second t?rmnn the ~ight side of Eq. 2
Is the Soret term, and it represents the
transport of salt induced bv the tem-
perature gradient. It.stems from an
Irrevwslble thermodynamic approach to the
diffusion proc~ss. In t$e nonconvmtlng
region, the molecular dlffuslvltv Is used,
whereas an eddy dlffuslvltv Is used In the
convecting region. The upper and lower
fluid surfaces are considered Impmwable
to salt.

The nonconvecting reqlrtnmust satisfv the
dynalnicst~hllity criterion associated with
a double diffusive (salt and heat) svstem.
This stablllt,vcondition requires that the
gradient region satisfies

(V+ DT)a#+(V+DS)B&O , (3)

where M Is position downwwd from the
surface. If Eq. 3 Is not satisfi~rlin a
portion of the !wmconvecting reqion, that
pnrtion Is flagqetias convecting, wl the
appropriate erld,vdlffusivittes are uswl.

A further stahillt,vrequirement is t4at
static stability (densltv Increntinq
downward)

Is sati~fled across thp hnundnrv h?tws?n 8
convectlna and noncrmv~ctinq reqinn. If It
is not satl<ifed, the cmwctina reqim is
allowed to encronch on thp nrmconvectinq
one,

The Interfec@ conditions th~t are applied
between convecting and nonconvectinq re-
gions are takenfrom nceanoqraoh!c *hmno-
haline studies and are d~sc~ibwl below.

The heat flux across a drmhl~ rliffusivp
tnterface can reexpressed as (R~f. 2)

I● exp 4,6exp [-O.54(R - 1,0)]1 .
f5n!
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i+ = (0.0086: (ix kT (g~T/vDT)

(5b)

I
. exp 4.6 exp [-O.54(R - 1.0)11 ,

where Ax, the mesh spacing, appears because
the boundary layer Is assumed to be one
computational zone thick.

This correlation was obtained using the
temperature difference, AT, and the
buoyancy ratio, R, existing across the en-
tire dlffuslve interface; hence, the~’eIs
no a rlori redson to believe that it

-%shoul a~ apply across the boundary
layer. Fortunately, in the solar pond most
of the thermal resistance Is across the
gradient region, and this determines the
heat flux. In a quasi-static situation,
therefore, the boundary layer heat flux
will essentially be imposed by the con-
trolling gradient region. Calculated
results were insensitive to the choice of
boundary 18yer themal conductivity over a
wide range ~Jfconductivlties. He are cur-
rently using the reatrr of Eq, 5b and the

7molecular conduct vity as the effective
boundary layer conductivity,

The oceanographic results suggest that.th~
salt flux across a diffusive interface is
related to the heat flux by expressions of
the form,

!!$5.(2.0.C) -(1,0 -C)R ,

(6a)

and

~=C, R> 2,0 . (6b)

Whil~ the correlation for the heat flux
(Eq. 5a) across a douhledlffusive inter-
face is probabl,ynot direclly applicable
across the boundary layer, w postulate
that the associated empirical salt flux to
heat flux correlaticm (E s. 6a and6b)

7across a diffusfve int?r ace does apply
across the boundary layer. In par-
ticular, we feel that this correlation
applies to solar pond boundary layers, pro-
vided one restricts consideration to the
expression for R s 2, He bslieve that the
salt flux to hed flux correlation appltes
across the boundary layer because in a
quasi-static s stem, the flux ratio that

[h[~ldsacross t e entire diffusive interface

must hold equally wll across each of the
boundar.vlayers and across the diffusive
core, If this here not so, the assuned
quasi-stati~ condition would be violated.

The left sides of Eqs. 6a and 6b are In the
form of a dimensionless flux ratio. Earlv
investigation indicated that C, a measured
quantity, was a constant and equal to
0,15. Current speculation is that the flow
regime described by Eq. 6a has turbulent
bursts that convect fluid across the inter-
face, while at the hi h stability ratio

!(R > 2) described by q, 6b, the interface
possesses a diffusive core across which no
convection occurs.

Later investigations (Ref. 2) indicate that
C is not a constant, but a function of the
heat flux. Figure 1 shows ths range of C
as a function of heat flux as measured by
Marmorino and Caldwell in la.veredsystems.
In these systems the total interface thick-
ness ranged from 1 to 4 cm, much thinner
than the gradient re ion thickness for a

Isolar pond (40 to 10 cm). Nfelsen (Ref.
3) has published data on measurements that
he took in the gradient region of a solar
pond. These data were taken near the bound-
aries between the rwadicnt and the convec-
tive regions. We have expressed NiPlsen’s
findings in a form co+npatlblewith the
Marmorino and Caldwell results and plo’te5
them as the solid curve on Fig. 1. We 5e-
lieve that the relatively good ag~eewnt
supports our conjecture that the saw
physical phenomena are present ifibo?~ ?*
layered themnohaline s.vstemsand salt g~a-
dient ponds,

Again, for ease in computation, w de*~w

b
an effec ive boundary layer salt rl~ffu-
S+vity, s, as

.

‘T
b&@2.0-C)- (1,0 -C)R] ,

and

i
~sm&c , R> 2,0, (6d)

P

The system of equations (l-6) wns replaced
by its finite difference analoq and solved
usfng an implicit procedure.

4. COMPARISON WITH EXPERIMENT——-

Our ftrst calculation H8s an 8tteinptto
reproduce the ●xperinwntal results obtained
by Purdue Universft.yinvestigators (R~f. 1)
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In a bottcm-heated solar Fond simulat1on
experIment. The experimentaltank was
filledwith 66 cmof solutionhavln an

!initialtenq)eratureof240C and a 1 near
salinity roflle varying frun25Z by weightRNaCl at t e bottomtoO at the top. The
gradientregionthicknessvariedfran65 to
25 cm duringthe courseof the experiment.

The experimentaltank was not wll fnsu-
lated;hence adjustmentshad to be made in
the nwnerlca~heatingrate In orderto
match the experiment. The nuwerlcalheat-
ing rate appearsreasonablewhen comared
to that Inferred from measured temperature
profilesthroughthe gradientregion, The
mode of heatingwas firsta gradualtn-
crease in heat Input%m the firstday
throughthe ninthday. From Day9 through
Oay 30 the heatingrate was held constant.
During the steady heating phase, the
expertmmtal heater output was 244 U/n?.
The rate inferred from the measured
tepem~ret radlmt Is about65 W/n?;

$
L calculation ass~ed 65

w/ , Th: free surface heat loss
coefficientwhs adjustedtoglve a tao
layert~erNurc near the measuredvalue,

FI urns 2 and3 cmpare our ct’lculation
!wl hexperlmentaldata. Overall,the

agreementfs quite nod. Figure2 lndl-
!catesthat the mods reproducesthe region

boundarymotions very well duringthe tlw
the convectlm regionsare advancinginto
the gradlcntwgfon. Colculatadtewera-
turehfstorle~of the convectingregluns
an conparedwtth experimentIn tig. 3;
again,aqnenmnt ti gmd.

5. CONCLUSIONS

The calculetlm descrlbtitn the preceding

{
peragraphsupportour con ecturethat the
Inter;ace flux relatlono Eq. 6b 18 volld
for solarponds $Ince the gradfsnt1 r

Tthickness In the Purdue experiments ( 5 to
65 cm) was UIuraaktn to that in ponds than
to that of ocennographlclayerexpwknts

F: 1.
7“Experimental y measured

values of the dimensionless
salt to heat flux ratio, C,
vs heat flux for R > 2.

Id

(1 to4 cm). These calculationswe not
conclusive,however,becauseof the crude
natureof Purdue thermaldata and the lack
of detailedsalinitydata.

The ag;-cementwith the experiment does
Indicate that our num~ical nmiel shows
promise as a potential design tool for
solarponds.

It Is possibletnmake a plausiblephvsical
interpretation,based on the bounrlarvlaver
flux re?dr n (Eq.6b), as to the cause of
the motirm of reglcm boundaries in a snlar
pond. IIIa pond, the heat flux is deter-
mined b.vthe tewerature drop across the
gradtent region. This heat flux alsnoc-
curs in the boundarv layer. The bounrlarv
layersaltflux Is determinedb,ythe bound-
arv layerheat flux In accordancewith Eq,
6b. If, fitthe lowr convectingregion/
gradientregionboundary,this salt flux is
greaterthan that permittedbv dlffus{onIn
the gradientregion,therewfll be n ten-
dencyfor salt to buildup in the gradient
regionadjacentto the boundarylayer.
Evmtually this saltbuildup(and related
densityfncrease)will resultIn a loss of
staticstabilityacrcssthe houndarvla,ver
and subsequentadvancenxmtof the convec-
ting reginn, TII15Interpretation i~lics
that in saltgradtentpnnds there is a
maximumpermissibleneat flux ahnvewhfch
gradientcontrolwill be needed.

6, NOMENCLATURE.—

co Spec!ficheat (J/ nC
D, ?JSalt diffusivity c /s)
bST Soretccwfflclent (q/cm snC)

p
Thermaldlffuslvltv(cI#/s)
Effectfveboundarvlayer

dtffus~vfty Cd/S)
F, ASalt flux (g/c ~ s
9 Qravttat{onal

3
1ce ●ratirwl(cm/12)

H Heat flux (U/c )

1
T Thermal conductivity (H/cn@C)
T Effectiveboundaryla ●r

Jconducttvttv(WC C)
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